Objective: The National Cancer Institute Thesausus is described by its authors as "a biomedical vocabulary that provides consistent, unambiguous codes and definitions for concepts used in cancer research" and which "exhibits ontology-like properties in its construction and use". We performed a qualitative analysis of the Thesaurus in order to assess its conformity with principles of good practice in terminology and ontology design. Results: We found many mistakes and inconsistencies with respect to the term-formation principles used, the underlying knowledge representation system, and missing or inappropriately assigned verbal and formal definitions.
Introduction
The automatic integration of heterogeneous information is one of the most challenging goals facing biomedical informatics today [1] . Controlled vocabularies have played an important role in realizing this goal by making it possible to draw on biomedical information deriving from divergent sources secure in the knowledge that the same terms will also represent the same entities even when used in different contexts.
Unfortunately, as has been shown in a series of recent studies, almost all existing controlled vocabularies in biomedicine have a number of serious defects when assessed in light of their conformity to both terminological and ontological principles [2, 3, 4, 5, 6, 7, 8] . The consequence is that much of the information formulated using these vocabularies remains hidden to both human interpreters and software tools. The result is that vital opportunities for enabling access to the information in such systems have been wasted, in ways which manifest themselves in difficulties encountered both by humans and by information systems when using the underlying resources in biomedical research. Such defects are destined to raise increasingly serious obstacles to the automatic integration of biomedical information in the future, and thus they present an urgent challenge to research.
In this paper, we present the results of our assessment of the conformity of the NCI Thesaurus (NCIT) to widely accepted principles in the domain of terminology development as well as to well-established principles for ontology building that have grown out of more than two millennia of philosophical research on classification and categorization.
Materials and Methods

2.1
The NCI Thesaurus The NCIT is a cancer research nomenclature with features resembling those of an ontology in the sense in which this term is used in the current bioinformatics literature: thus it is a controlled vocabulary organized as a structured list of terms and definitions. It was created by the National Cancer Institute's Center for Bioinformatics and Office of Cancer
Communications for use not only by the Institute's own researchers but also by the cancer research community as a whole. Its main goals are:
1) to provide a science-based terminology for cancer that is up-to-date, comprehensive, and reflective of the best current understanding;
2) to make use of current terminology "best practices" to relate relevant concepts to one another in a formal structure, so that computers as well as humans can use the
Thesaurus for a variety of purposes, including the support of automatic reasoning;
3) to speed the introduction of new concepts and new relationships in response to the emerging needs of basic researchers, clinical trials, information services and
other users [9] .
The NCIT serves several functions, including annotation of the data in the NCI's repositories and search and retrieval operations applied to these repositories. It is also linked to other information resources, including both internal NCI systems such as caCore, caBIO and MGED and also external systems such as the Gene Ontology and SNOMED-CT. It is part of the Open Biomedical Ontologies library [10] and is also available under Open Source License on the NCI download area [11] . This makes it an important candidate for the delivery of vocabulary services in cancer-related biomedical informatics applications in the future.
NCIT is a thesaurus, and one can thus expect it to be of use to researchers engaged in retrieval and in linking together heterogeneous resources created by institutions external to the NCI. It is this last potential application that is receiving most attention in the biomedical research community.
For this study we used version 04.08b of the NCIT, released on August 2, 2004 and made publicly available through the NCI website [12] . (Some of the errors identified below have been since corrected.)
Nature of the analysis
We have measured the NCIT's qualities along three lines: 1) conformity with relevant terminological standards put forward by ISO; 2) ontological principles; and 3) appropriateness of OWL as a knowledge exchange format.
Terminological standards:
Since the NCIT was developed using a concept-centered design, we selected as the reference for good terminological principles the standards produced by Technical Committees 37 and 46 of the International Standards Organization (ISO TC37; ISO TC46). The relevant standards are listed in Table 1 . 
Standard No Standard Title
Ontological principles
Counterparts of ISO standards dealing with ontology development do not as yet exist. In performing the ontological part of our analysis we drew instead on the fundamental principles underlying ontology development employed in systems such as Basic Formal Ontology [4] or DOLCE [13] . The latter, which draw in their turn on a long tradition of ontological research in philosophy, distinguish between universals (also called kinds, species, or types) and particulars (individuals, instances, or tokens). Examples of universals are cancer as studied in medical school and each specific sort of cancer (prostate cancer, etc.). An example of a particular would be: this particular cancer, present in this particular patient, here before you now; or: the prostate cancer in that particular patient on the other side of the room.
Cross-cutting the distinction between universals and particulars is that between continuants and occurrents. These two sorts of entities are marked by the fact that they relate in different ways to time. Continuants endure through time, which is to say that they are wholly present at It is our experience that ontologies that do not respect these fundamental distinctions will contain errors of a sort which are not detected by the standard tools used for error checking in the knowledge representation field. This is because such tools focus primarily on the issue of syntactic consistency [14] , rather than an ontological coherence. Typical examples of such mistakes are classes that comprehend both processes and material objects, or, even worse, classes that are defined in such a way that it is unclear whether what is meant is a process or its result. If we define, for example, the class incision, then we should make clear whether it is the process of making an incision that is intended or the incision itself that results therefrom.
The fact that in ordinary and even in specialized languages the same word is quite often used to denote two different (albeit quite closely related) things contributes to such mistakes.
Adequacy of the OWL representation
Because the NCIT is distributed by means of OWL, we have also looked into the adequacy of this format as a knowledge representation for biomedical terminologies. We were specifically Ontological problems arise when these restrictions are used to capture spatial relationships.
An OWL statement which (expressed in our own simplified syntax) would read:
Human-Organ HasLocation allValuesFrom Human-Body-Region
allows an instance of Human-Organ to have no location at all, which is clearly inconsistent with anatomical reality. But use of someValuesFrom here would be equally problematic, since 'concept' as synonyms.
Analysis procedure
We used the multi-threaded SWI-Prolog version 5.4.3 [17] together with the Triple20 visualisation and editing tool [18] in order to inspect the Thesaurus in its OWL-version. We assumed that the OWL file was generated by the NCI after full classification of the system, and thus we did not ourselves reclassify the ontology. However, in light of the fact that Ontylog®, the particular Description Logic (DL) used to build the NCIT ontology [19] , has a rather weak classificatory power, we used Triple20's implementation of the full formal semantics of RDF(s) in order to gain access to those additional inferences which would not have been generated by the software used by NCIT's developers.
Because our study envisaged a qualitative, rather than a quantitative, account of the problems encountered, we did not systematically search the NCIT for specific kinds of inconsistencies or ambiguities. Rather we started in a top-down manner, inspecting the system entry by entry until we found at least one violation for each principle. Our results are however presented in a structured fashion in order to provide a classification of the problems encountered, and we have assured ourselves by inspection that analogous problems are found also lower down the NCIT hierarchy.
Triple20 was able to parse the NCIT OWL file in 212.59 sec CPU-time on a 2.5 GHz portable computer with 520 MB of RAM. 635,099 RDF triples were thereby identified (an RDF triple being the basic information unit of the RDF syntax [20] ). The OWL parser rejected one concept: Biodegradation_of _Xenobiotics_Pathway (present in the browsable on-line version of the NCIT) because the space after the word 'of ' does not confirm to the rules governing OWL syntax. Since this concept has no children, however, the impact of this error on the generated structure is negligible.
We identified:
• 37,261 classes that represent NCI-concepts (see Fig. 1 );
• 8,263 classes without assigned superclass, amongst which are 8,231 classes generated on the basis of OWL-restrictions (such as rAnatomic_Structure_Has_Location someValuesFrom nci: Oral_Cavity);
• 43 annotation properties providing background information related to the class described (such as GenBank_Accession_number, SwissProt ID, synonym),
• 90 object properties (such as rAnatomic_Structure_Has_Location) which are used to represent relationships among the classes defined inside the NCIT. The numbers reflect the size of the NCIT ontology; they do not reflect any qualitative information.
<Insert here Figure 1> 
Problems related to definitions
Many of ISO 1087-1:2000's requirements concerning definitions are frequently violated by the definitions in the NCIT.
From the total of 37,261 classes in the Thesaurus, 33,720 were stipulated to be primitive in the DL sense. This means that the majority of these classes are merely described rather than defined, with the consequence that only a small portion of the NCIT ontology can be used for purposes of automatic classification. In this connection one has to make a distinction between formal and verbal definitions. The former are provided (for those classes which are not primitives) for the purpose of allowing the corresponding classes to be automatically classified on the basis of an algorithm. The latter are provided to inform human users about what entities in the real world are allowable instances for the corresponding classes.
We found in the OWL file a total of 16,711 verbal definitions supplied by the NCI itself, together with some 5,368 definitions borrowed from elsewhere (primarily from MeSH or CSP). The numerical mismatch arises in virtue of the fact that some classes in NCIT are assigned more than one verbal definition (e.g. Chromosomal Translocation has three). On the other hand at least 55.2% of classes lack a definition in the Thesaurus, which can hardly be imagined to be the number of concepts the NCIT endorses as basic. Indeed, very many NCI concepts would benefit from a clear definition, since it is often hard to grasp what they stand for in reality and browsing the hierarchy often gives no further clues.
As an example, both This definition fails to distinguish between use and mention of the word 'ontology' [22] . In addition, it runs together the specification of objects, concepts, etc., with the specification of methods for the representation thereof. When the NCIT provides several definitions for the same concept these sometimes contain conflicting information. As an example, the concept Disease Progression enjoys three definitions:
(1) Cancer that continues to grow or spread.
(2) Increase in the size of a tumor or spread of cancer in the body.
(3) The worsening of a disease over time. This concept is most often used for chronic and incurable diseases where the stage of the disease is an important determinant of therapy and prognosis.
The first defines not Disease Progression, but rather a specific type of Cancer. The second conflicts with the third by limiting the concept of disease progression to neoplastic diseases.
The third contains extraneous information, which should properly have been included in a note.
From the meta-tags provided in the NCIT one can infer that the three definitions come from different sources, and it would indeed be perfectly acceptable for the term "disease progression" to be used in one source to express the meaning that is captured by the second definition; but this is a totally different statement from the claim that the concept: Disease Progression is properly defined by this same definition.
To complicate matters, one of the subclasses of Disease Progression in the NCIT is Cancer
Progression, which is defined as:
The worsening of a cancer over time. This concept is most often used for incurable cancers where the stage of the cancer is an important determinant of therapy and prognosis.
One explanation for the etiology of the problems raised by definitions (1) and (2) above might be that they were wrongly associated at the level of the superordinate class, and that they should properly have been associated with the corresponding subordinates. The same is probably the case for the definition: Includes both the vascular and non-vascular plants (from the source tagged as "RAEB-2") that is currently assigned to the concept Vascular Plant.
Problems related to terms
Some of the NCIT's terms were specially created for this terminology. This group includes many which are designated 'preferred' terms, which means that the terms in question should also be such as to satisfy the principle set forth above pertaining to acceptability.
Clearly, capitalization of the first letter of all words, the standard procedure in the NCIT, is not linguistically correct for the English language. In addition, it hampers the potential use of the NCIT for text mining purposes or semantic indexing of documents (for example because of confusion with names of proprietary products).
The business of the NCIT, we are told, is to define concepts. Consider: [23] . The NCIT stretches the meaning of "synonym" in such a way that the claimed synonymy of numerous terms in the NCIT cannot be accounted for even under ISO's more relaxed definition of "quasi-synonym".
The National Cancer Institute has developed the NCI Thesaurus, a biomedical vocabulary that provides consistent, unambiguous codes and definitions for concepts used in cancer research
Notable examples of problematic synonyms are:
Biological Function / Biological Process: the problem here is that function and process are ontologically quite distinct, in a way that is crucially important especially for the purposes of This, however, would imply a serious weakness of the system, since it would mean that it is not able to differentiate between functions and processes.
Anatomic Structure, System, or Substance / Anatomic Structures and Systems: since a substance is not a structure, and not a system either, the two terms cannot be synonyms.
Organism / Organisms: this is a matter, not of synonymy, but of lexical variation. Inflected terms are not new terms that stand in a synonymy relation with an original term, but are merely variants of the same term. In addition, the claim that a plural term refers to the same real entity as does the corresponding singular term is from an ontological point of view an egregious error. A single organism cannot be the same real entity as a collection of organisms.
Genetic Abnormality / Molecular Abnormality (with subclass "Molecular Genetic
Abnormality"). Neither concept is provided with a definition in NCIT.
Diseases and Disorders / Disease / Disorder : the first term suggests that the NCIT considers diseases and disorders to be different entities; the synonymy declaration, however, suggests the opposite. The first term of the triple is thus ambiguous and is in consequence not the best choice as preferred term for the corresponding concept. Also the two definitions that are provided are not helpful. One reads: is even more problematic, since it suggests that pathologic process is the superordinate concept, which is in contradiction to the actual place of this concept in the NCIT's own hierarchy.
Ontological problems
The most important part of a terminology, according to the relevant ISO standards, is the concept system that underlies it. It is the latter which forms the basis upon which concept definitions rest. Unfortunately, it is very difficult to perform an in-depth analysis of the NCIT concept system, precisely because of the many ambiguities at the level of its terms and definitions. Moreover, one can in many cases only speculate what the real entities are that are supposed to qualify as instances for the concepts which are included. It is nonetheless still possible to identify mistakes by examining a system like the NCIT from the point of view of a principles-based ontology.
No motivation is given for the NCIT's specific choice of its 21 top classes, and some of the choices made seem questionable, to say the least. As an example, we would not expect Abnormal Cell to be one of the top classes in a concept system, since intuitively it should be subsumed either by Cell or by one or other of the subclasses of the (itself somewhat incoherently constituted class of) Diseases, Disorders and Findings. The NCIT does indeed have a class Cell, but this is a subclass of another problematic class: Other Anatomic Concept (so that cells themselves would be concepts (!) in the eyes of the NCIT). Moreover, the NCIT also has the further class Normal Cell, which is a subclass of Microanatomy.
None of the three classes Cell, Normal Cell and Abnormal Cell are related to each other in any way in the NCIT. Of course, no concept system or ontology will ever be complete, and one could argue that the non-expression of such relationships in the system does not mean that their existence in reality is denied. This argument cannot be applied to the NCIT, however, because of its requirement that each class must belong to exactly one kind [25] . • dependent occurrents such as Action, Assignment, Event, Injection, Inhalation, Movement, Proliferation. All of these comprehend entities which occur over time and depend on continuant entities as their participants;
• dependent continuants such as Color, Shape and Temperature, which endure through time and depend on continuant entities as their bearers;
• independent continuants such as Stain (defined as "A dye or other coloring material that is used in microscopy to make structures visible"),
• roles, such as Purpose, Reason, Agent, that can be attributed to entities only in relation to some other entities.
Analogous problems are found in other hierarchies as well, though not so abundantly. Thus for example Bilateral Disease is subsumed by Clinical Course of Disease (occurrent), rather than by Disease (continuant).
Problems with NCIT's OWL representation
We noticed an inconsistent use by NCIT of the OWL-qualifiers allValuesFrom and someValuesFrom. Consider, as an example, NCIT's treatment of the class Pleura. Instances of this class, as well as instances of Bronchial Tree and Lung, are related spatially to instances of the class Thoracic Cavity. Unfortunately, however, the NCIT expresses this relation by using the property rAnatomic_Structure_Has_Location in two inconsistent ways. On the one hand Pleura is locally restricted with the qualifier allValuesFrom to the class Thoracic Cavity; on the other hand Bronchial Tree and Lung are locally restricted to the same class with the qualifier someValuesFrom. This means however that for all instances of the class Pleura, every assigned location must be an instance of the class Thoracic Cavity, while for all instances of Lung, only at least one location must be an instance of Thoracic Cavity. It is not clear why this difference is made. 
Discussion:
With the development of modern formal disciplines (formal logic, and the computational disciplines which have arisen in its wake) we have learned a great deal about the criteria which must be satisfied if a terminology is to be structured in such a way that the information expressed by its means can be extracted via automatic procedures in a maximally effective way. Unfortunately, existing biomedical controlled vocabularies have been developed in large part without concern for these criteria -and this applies both to the terms they contain and to the relations and definitions associated with these terms. The NCIT, as our analysis shows, is no exception to this rule, in spite of the fact that it is described by its authors as "a controlled terminology which exhibits ontology-like properties in its construction and use" [26] .
One of the reasons for the identified shortfalls lies in the way the NCIT was constructed:
by bootstrapping the initialization of NCI Thesaurus from existing terminologies, the project gained the co-operation of diverse stakeholders and avoided pitfalls associated with trying to develop a science based terminology de novo [9, p. 36 ].
For by selecting this route the NCI has taken over some of the characteristic errors of the terminologies from which it draws, and especially some of the characteristic inconsistencies of the UMLS [27, 28] . Some of the sources used by NCIT are glossaries and vocabularies, and hence it is wrong to simply take over their definitions in a system of concept representations. This is because glossaries and vocabularies specify only the meanings which come to be associated with given terms in given contexts, and this implies a less rigorous requirement than that which must be met when defining concepts. For in the latter case the task is to explain what given entities in reality -the entities which fall under the concepts in question -share in common and how they relate to each other in a way which serves also to differentiate defined concepts from their neighbors.
We can distinguish three levels of organization of the terminologies and ontologies currently employed in bioinformatics. At the bottom are subject descriptor resources such as MeSH, used primarily for literature indexing purposes. Next are vocabulary resources such as SNOMED-CT or the Gene Ontology [3, 24] , which enjoy a more coherent formal organization and which may involve the use of DL-based formal tools. Then come ontologies such as the Foundational Model of Anatomy [29] , which manifest not only well-structured and mutually consistent hierarchies but also respect the basic ontological distinctions drawn by philosophers [30] .
All of the above are designed in part to serve communicative needs, for example in clarifying and stabilizing the terms (words, names) used in a specialized domain [31] . The attempt to satisfy these needs is however often associated with a view which identifies concepts with the meanings of words and this has encouraged terminology-builders to focus on such meanings (or on the associated ideas in people's heads) rather than on the corresponding entities in reality [32] . In this way the properly ontological features of a terminology have been underemphasized, to the degree that the difference is often obscured between ontology and epistemology [33] , the discipline which focuses not on objects in reality but rather on our ways of gaining or expressing our knowledge of such objects.
In or of a set of objects. Object is defined as: Anything perceivable or conceivable (a unicorn being given as a specific example of the latter). These definitions provide no help at all, for example, if we wish to know whether 'object' does or does not comprehend occurrents as well as continuants.
On behalf of the NCIT it might be argued that its purposes, too, are precisely to support communication, and that for these purposes linguistic and mental representations are precisely the proper objects of focus. The ISO Standards support a view along these lines for example Unfortunately, however, as our arguments in the foregoing have shown -and as the NCI implicitly recognizes in its statement to the effect that the NCIT "exhibits ontology-like
properties" -when one ignores in this spirit properly ontological principles, then the results, in terms of mis-classifications and mis-definitions, hamper the very purposes of communication for which the terminology was designed.
It is sometimes claimed that the use of a formal language, for example of one or other Description Logic, can help us to avoid mistakes of the sort described. Unfortunately, however, this is not true, at least not if such languages/logics are used naively. Certainly the semantics of representational languages such as OWL allow one to reason consistently inside the associated models; but they do not guarantee that such models do in fact amount to any sensible representation of reality. This has also been observed by other authors who subjected parts of the OWL-representation of the NCIT to a semantic analysis [34] . One should avoid, therefore, any assumption to the effect that the provision of an OWL-representation is already in and of itself sufficient to guarantee that a system like the NCIT will satisfy the requirements of a sound ontology.
The claim that terminologies encapsulated in an OWL-like formal framework are understandable both to humans and to machines should also be treated with a pinch of salt. Of course it is true that representing a terminology by means of OWL allows one to display its content in a way that makes it easier to carry out certain types of inspection and to discover certain types of inconsistencies. But as anyone who has utilized DL-based instruments for terminology and ontology management can testify, such instruments can yield valuable results only on the basis of arduous manual preparation. In the case of the NCIT, we are faced with the additional problem that its machine-readable DL-structure represents a mere fragment of the total ontological structure incorporated in the system (the additional ontological content being graspable by humans in virtue of both their informal understanding of the terms involved and of their acquaintance with the corresponding referents in reality). This means,
however, that the ontological part of the NCIT does not correspond to the terminological part, so that humans and machines will understand the NCIT in different and conflicting ways.
Making a system like the NCIT truly machine-interpretable, for example in the context of communication among software agents, would require a much deeper and more principled representation [35] , and it would require, again, conformity to the sorts of ontological principles we have outlined above.
Conclusion
In analyzing the NCI Thesaurus we were particularly interested in how the claimed ontological features of the system work together with its terminological parts. We found that the system suffers from the same problems encountered in so many of the biomedical terminologies produced in recent years. The NCIT is, we are confident, a useful tool for the internal purposes of the NCI, which must be given credit for trying to bridge the clinical and basic biology terminology realms in a single resource. It must be given credit also for its sophisticated technology for keeping track of updates, as well as for being one of the earliest to federate its ontology operationally with another ontology system (MGED Ontology) and for trying to harmonize with external ontology modeling practices. The NCI Thesaurus is a never-ending work in progress, the content of which is dictated by the needs of its users and customers. If, however, it wants to establish itself as a useful and trustworthy terminological resource and to play the role of a reference ontology in other contexts, then a considerable effort will have to be made in order to clean up its hierarchies and to correct the definitions and ambiguous terms which they contain. We strongly suggest the use in this endeavor of a principles-based methodology that will allow the NCIT to be tested not just for internal consistency but also for consistency with that part of reality which it is intended to represent.
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